PPD (PAZ Piwi domain) proteins and the Dicer family have been the subjects of intense study over the last 6 years. These proteins have well-established roles in RNAi (RNA interference), a process that relies on siRNAs (small interfering RNAs) or miRNAs (microRNAs) to mediate specificity. The development of techniques for applying RNAi as a laboratory tool and a molecular therapeutic technique has rapidly outpaced our understanding of the biology of this process. However, over the last 2 years, great strides have been made towards elucidating how PPD proteins and Dicer regulate gene-silencing at the pre-and post-transcriptional levels. In addition, evidence is beginning to emerge that suggests that these proteins have additional siRNA-independent roles as cell-cycle regulators. In the present review, we summarize the well-known roles of these two classes of proteins in gene-silencing pathways, as well as explore the evidence for novel roles of PPD and Dicer proteins.
INTRODUCTION
RNAi (RNA interference) is a process utilized by eukaryotes to modulate gene expression at pre-and post-transcriptional levels [1] . In its original form, RNAi may have evolved as a genome immune system that acted to maintain the integrity of eukaryotic genomes. For example, in lower eukaryotes and plants, components of the RNAi apparatus are required for transposon silencing, resistance to viruses and maintenance of chromosome stability. Since the discovery 7 years ago that introduction of dsRNA (double-stranded RNA) into cells initiates sequencespecific gene silencing [2] , the use of RNAi as a laboratory tool has revolutionized the study of eukaryotic gene function. Moreover, it holds great promise as a molecular therapeutic technique for the treatment of cancers and infectious diseases [3] [4] [5] .
Specificity in RNAi-dependent gene silencing is provided by small (21-26 nt) guide RNAs. Two main types of small RNAs that differ in origin and function are known to play integral roles in RNAi: siRNAs (small interfering RNAs) and miRNAs (microRNAs). siRNAs are the cleavage products of longer dsRNAs that are generated by RNA-dependent RNA polymerases, or from bidirectional transcription of genes or transposable elements. The siRNAs usually guide the RNAi machinery to carry out mRNA degradation and/or chromatin modification. Endogenous transcripts that contain near-complementary inverted repeats fold back on themselves to form dsRNA hairpins, which, after a twostep maturation process involving two RNase III enzymes, give rise to miRNAs. miRNAs mediate translational repression, although, in some cases, they can also direct mRNA degradation. For example, in plants, miRNAs mainly function in the cleavage of cognate mRNAs, while, in animals, miRNAs predominantly inhibit translation by targeting partially complementary sequences in the 3 UTR (untranslated region) of mRNAs [6] .
Based on genetic and biochemical studies, the canonical RNAi pathway has been divided into two stages: initiation and effector. The initiation stage involves the generation of siRNAs [7] [8] [9] [10] and miRNAs [11, 12] from long dsRNA or hairpin RNA precursors respectively. Cleavage of precursors into si/miRNAs is mediated by the type III RNase Dicer [13] . The effector stage requires the transfer of the si/miRNAs into ribonucleoprotein complexes known as RISCs (RNA-induced silencing complexes) [14] . Functional RISCs contain only single-stranded siRNAs or miRNAs [15] . Gene silencing by RISC is accomplished via homology-dependent mRNA degradation [16] [17] [18] , translational repression [19] or transcriptional gene silencing [20] [21] [22] . PPD (PAZ Piwi domain) proteins form the core of RISCs [23] [24] [25] [26] , which are then guided by the si/miRNAs to specific mRNA targets or genomic loci. A third core component of the RNAi pathway, RNA-dependent RNA polymerase, is utilized by a number of lower eukaryotes, including fission yeast and nematodes [20, 22, 27] . Its purported function in gene-silencing pathways is to amplify siRNAs and possibly miRNAs in order to increase the speed and/or the magnitude of the RNAi response after detection of the dsRNA trigger. Interestingly, this enzyme is not required for RNAi in mammals or Drosophila melanogaster.
CORE COMPONENTS OF THE RNAi APPARATUS PPD proteins
PPD proteins form a highly conserved superfamily of proteins that are found in diverse organisms ranging from archaea to humans.
Abbreviations used: ds, double-stranded; FXR, fragile X mental retardation protein; GFP, green fluorescent protein; miRNA, microRNA; miRNP, miRNAcontaining ribonucleoprotein; MVH, mammalian Vasa homologue; PPD, PAZ Piwi domain; RISC, RNA-induced silencing complex; RITS, RNA-induced initiation of transcriptional gene silencing; RNAi, RNA interference; siRNA, small interfering RNA; ss, single-stranded; UTR, untranslated region; VIG, Vasa intronic gene protein. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (email Tom.Hobman@ualberta.ca). By definition, members of this family contain two signature domains [28] , a centrally located PAZ domain and a C-terminally located Piwi domain ( Figure 1 ). The 100-amino-acid PAZ domain binds the 2 nt 3 -overhang of the siRNA duplex, and facilitates anchoring of this guide RNA into the effector complex [29] . The Piwi domain, comprising approx. 300 amino acids, has been shown to mediate the interaction of PPD proteins with Dicer [30, 31] . Recent structural and bioinformatic analyses suggest that Piwi domains share similarity with endonucleases, an observation that led to the discovery that PPD proteins are directly involved in cleavage of targeted mRNAs during the effector stage of RNAi [32] [33] [34] [35] . The mechanisms by which PPD proteins mediate translational suppression and chromatin silencing are not known at this time.
Figure 1 PPD protein and Dicer domain structures

Functions of PPD proteins in siRNA and miRNA pathways
The genes encoding Arabidopsis thaliana AGO1 and ZWILLE were the first PPD family members to be characterized [36, 37] . Before the discovery that PPD proteins are RNAi effectors, AGO1 and ZWILLE were shown to have overlapping functions in plant development [38] . Although it has yet to be proved that ZWILLE has RNAi-related functions, it is well-documented that AGO1 is integral to gene silencing [39] [40] [41] .
The Caenorhabditis elegans genome encodes 24 PPD proteins, a striking number when compared with the fact that mice and humans each contain only eight PPD genes. It appears that, in nematodes at least, PPD proteins perform highly specialized functions. For example, the PPD proteins RDE-1 and PPW-1 are required for efficient siRNA-mediated mRNA cleavage [40, 42, 43] , whereas ALG-1 and ALG-2 are not required for this process [19] . However, the last two PPD proteins function in maturation and translational inhibition activities of miRNAs that regulate developmental timing pathways [19] . In D. melanogaster, Argonaute2 (dAgo2) is required for the incorporation of siRNAs into RISC and subsequent targeting of cognate mRNAs for destruction [44] . Fly embryos that lack dAgo2 activity are defective for siRNA-targeted mRNA cleavage. In contrast, dAgo1 is required for miRNA biogenesis [44] , but not siRNA-mediated RISC activities. In humans, four PPD proteins (Argonautes1-4) were shown to bind miRNAs, but only hAgo2 is associated with the catalytic activity required for mRNA cleavage [45] . These examples serve to reinforce the idea that in metazoans, PPD proteins exhibit isoform-specific functions in gene-silencing pathways. Since sequence conservation among family members is greatest in the C-termini, it is likely that their N-terminal domains determine the isoform-specific roles of PPD proteins.
In unicellular organisms, it seems that PPD proteins are multifunctional. The Schizosaccharomyces pombe PPD protein Ago1 is required for silencing of pericentric chromatin, and for accurate chromosome segregation during mitosis and meiosis [20, 22, [46] [47] [48] . Ago1 is also purported to function in concert with short heterochromatic RNAs, which are derived from repetitive sequences, to guide chromatin-silencing machinery to sites of heterochromatin formation [22, 49] . It was later demonstrated that this protein also functions in the classic RNAi pathway that culminates in siRNA-directed cleavage of mRNAs [50] .
PPD proteins and development
As mentioned above, genetic studies first pointed to the importance of PPD proteins in developmental pathways in plants and animals [36, 37, 51, 52] . For instance, AGO1 and ZWILLE are required for leaf development in A. thaliana, whereas Piwi and dAgo1 are essential for normal development of gametes and nervous system tissues respectively in D. melanogaster [51, 52] . PPD protein activity is also required for maintaining pools of stem cells in developing plants [37, 38] and animals [51] . Conversely, loss of a given PPD protein activity can result in differentiation and ultimately depletion of stem cell populations, whereas overexpression of the same protein results in increased proliferation of these cell types [53] .
In vertebrates, PPD proteins appear to be important for regulating multiple developmental pathways, and certain family members are highly expressed in undifferentiated cells and germline tissues. For example, levels of Hiwi mRNA expression are high in Cdc34
+ haematopoietic progenitor bone marrow stem cells, but, as these cells differentiate, Hiwi expression levels decrease dramatically [54] . Similarly, Mili is preferentially expressed in germ cells, and is essential for spermatogenesis in mice. Interestingly, Mili −/− strains of mice resemble MVH −/− strains in that they are developmentally normal, but are sterile owing to arrest of spermatogenesis at the spermatocyte stage [55] . MVH is the mammalian homologue of Vasa, an ATP-dependent DEAD-box RNA helicase that was previously found to co-localize with the PPD protein Aub in germline-specific granules [56] , and in a RISC-like complex [26] . Expression and localization of Vasa mRNA is an important determinant of germline fate commitment [57, 58] . Accordingly, since Mili associates with MVH, it is likely that these two proteins function together as a complex that regulates cell differentiation. Finally, mouse Ago2 was demonstrated recently to play a critical role in embryogenesis. Targeted disruption of the ago2 gene results in embryonic lethality owing to multiple developmental abnormalities, the most severe of which are defects in neural crest tube closure and cardiac failure [33] . Taken together, these data suggest that it is not only the level of expression and/or activity of PPD family members, but also their intracellular localization, that dictates specific developmental processes.
Bioinformatic analyses have revealed that many of the miRNA targets in plants are transcription factors [59, 60] . Accordingly, it seems likely that the majority of the developmental defects exhibited by PPD mutants result from aberrant expression of transcription factors that determine cell fate. However, it is important to consider the possibility that at least some of the developmental roles of PPD proteins are unrelated to gene silencing. In A. thaliana, for instance, some allelic mutants of ago1 are defective for RNAi, but are developmentally normal [61] . This study indicates that the gene-silencing functions of PPD proteins can be genetically uncoupled from their roles in development. D. melanogaster has also served as an excellent experimental system to study the roles of PPD proteins in signalling pathways that control cell fate and developmental patterning. For example, dAGO1 was isolated in a genetic screen for dominant activators of the Wingless signal transduction pathway [52] . Moreover, the phenotypes of piwi mutants can be rescued by overexpression of Hedgehog, a secreted signalling protein that is not implicated in RNAi [62] [63] [64] [65] . Of course, these results do not discount the possibility that Wingless and Hedgehog function downstream of dAgo1 and Piwi respectively. In this case, overexpression of Hedgehog may simply bypass the need for Piwi at an upstream miRNA-dependent step.
RNase III enzyme family
Dicer was first identified as the ribonuclease that functions at the initiation stage of RNAi [13] . It is a member of the RNase III family, a group of enzymes that exhibit specificity for dsRNA [66] . The RNase III family is divided into three structural classes. Class I enzymes contain one catalytic endonuclease domain (RIII) and a dsRNA-binding domain, and are involved in numerous RNA-processing reactions, including maturation of rRNAs, tRNAs and mRNAs [67] . Enzymes such as Escherichia coli RNase III are part of the class I subgroup. The second class of enzymes is represented by the nuclear protein Drosha. Class II enzymes comprise two RIII domains, a dsRNA-binding domain, and long N-termini that are rich in proline, serine and arginine residues [68] . The latter regions are presumably involved in proteinprotein interactions. Drosha homologues are encoded in the D. melanogaster, C. elegans, mouse and human genomes [69] [70] [71] , and are the nucleases that are responsible for processing primary miRNAs into stem-loop precursor miRNAs in the nucleus [72] .
Drosha exists in two multiprotein complexes. One is a large complex that displays weak primary miRNA-processing activity as well as non-specific RNase activity, contains DEAD-box RNA helicases, dsRNA-binding proteins, heterogeneous nuclear ribonucleoproteins and the Ewing's sarcoma family of proteins [73] . This complex may function in other Drosha-mediated RNA processing pathways, such as pre-ribosomal RNA processing [71] . The smaller complex, named the Microprocessor, displays high primary miRNA-processing activity and contains a dsRNAbinding protein, CG1800 in D. melanogaster or DGCR8 in C. elegans and mammals [73] [74] [75] . The function of DGCR8 may be to recognize and present the primary miRNA transcripts to Drosha. It interacts with the middle region and the two RNase III domains of Drosha, and is required for efficient primary miRNA processing [75] . Its function may be to help determine the specificity of Drosha cleavage [75] . The RNA cleavage products of Drosha are then exported to the cytoplasm, where Dicer processes them further to miRNAs. Nuclear export of the miRNA precursors is dependent upon Exportin 5 and RanGTP [76] [77] [78] .
Dicer belongs to the third class of RNase III enzymes, which contain an N-terminal DEXH-box RNA helicase/ATPase domain, two RIII domains and a dsRNA-binding domain ( Figure 1 ). Most, but not all, Dicer proteins also contain PAZ domains. Whereas C. elegans and D. melanogaster Dicer activities are stimulated by ATP [79] [80] [81] [82] , mammalian Dicer enzymes do not require ATP for activity, and are instead strongly stimulated by limited proteolysis in vitro [83] . Fascinatingly, some Dicer mRNAs are subject to negative-feedback regulation by miRNA-dependent mechanisms [84] .
Based on the structural comparisons with Aquifex aeolicus RNase III enzyme and biochemical analyses of residues within the catalytic domains of E. coli RNase III and human Dicer [85] , the current model predicts that Dicer molecules possess one RNA-processing centre. Within the processing centre, each RIII domain cleaves one strand of the dsRNA. Intramolecular dimerization of the two RNase III domains in co-operation with two RNA-binding domains, PAZ and dsRNA-binding domain, results in a processing centre that generates products with the characteristic two-nucleotide 3 overhangs [85] . Cleavage of RNA substrates by Drosha is also thought to involve the formation of an intramolecular dimer [75] . The first RIII domain cuts the RNA strand bearing a 3 -hydroxy group, approx. 21 nucleotides from the end. In conjunction with the PAZ domain, it is probably responsible for determining the distance from the terminus of the RNA to the cleavage site [85] . By analogy with its role in PPD protein function, the PAZ domain of Dicer may also be involved in RNA substrate recognition [86] [87] [88] . If this is the case, it raises the question as to whether Dicer enzymes that lack PAZ domains function in a similar manner.
Functional diversification and characteristics of Dicer proteins
The number of Dicer genes in a given organism varies from one to four. For example, C. elegans, Schiz. pombe and vertebrates each appear to encode only one Dicer protein [19, 22, 79, 80, [89] [90] [91] . Dicer enzymes are essential for the normal development of zebrafish [89] and mice [79] , as well as for the formation of heterochromatin in vertebrate cells [92] . Curiously, Neurospora crassa expresses two Dicer proteins that are functionally redundant [93] , whereas the two Dicer paralogues in D. melanogaster (Dcr1 and Dcr2) have unique functions. The former enzyme, which is essential for miRNA processing and miRNA-directed translational repression [94] , contains a PAZ domain, but lacks a functional helicase domain. Surprisingly, a complex that includes Dcr1 and Dcr2 is required for siRNA-directed mRNA cleavage. This points to a role for Dicer enzymes at the effector stage of RNAi [94] . The A. thaliana genome encodes four Dicer homologues, at least three of which have unique functions: DCL1 processes miRNA precursors [12, 49, 95] , DCL2 is required for processing virus-specific dsRNA [96] and, finally, DCL3 processes endogenously generated siRNAs [96] . To date, the role of DCL4 in gene silencing has not been elucidated. Lastly, one or more predicted nuclear localization signals are present in DCL1 and DCL4 [95] . D. melanogaster Dcr1 and mouse and human Dicers also contain nuclear localization signals [95] ; however, it is unlikely that these motifs are functional, since, to date, these proteins have not been detected in the nucleus. In contrast, the nuclear localization signal of A. thaliana DCL1 does indeed appear to function in mediating nuclear localization [97] .
PROTEIN-PROTEIN INTERACTIONS IN RNAi PATHWAYS Interactions between PPD proteins and Dicer
Shortly after PPD and Dicer proteins were determined to be central to RNAi, an obligatory interaction between these two groups of proteins was predicted to be important for the transfer of si/miRNAs from Dicer to RISC. Initially, heterotypic PAZ-PAZ interactions were thought to mediate PPD protein-Dicer binding [98] ; however, the discovery of PAZ-less Dicer isoforms [95] cast doubt upon that hypothesis. Subsequently, two independent studies revealed that PPD protein-Dicer interactions are mediated through the Piwi domains of PPD proteins [30, 31] . Moreover, PAZ domains are not required at all for stable PPD proteinDicer complex formation. Instead, it appears to be the Piwibox region of PPD proteins that binds to the first RIII domain of human Dicer [31] . Interestingly, the stability of mammalian PPD protein-Dicer complexes is dependent on the activity of Hsp90 (heat-shock protein 90), suggesting that assembly of RNAi components is regulated at multiple steps [31, 99] . Finally, PPD proteins and Dicer were shown to be present in soluble and membrane-associated fractions [31] , a fact that may indicate that RISCs are present at multiple intracellular locations.
Curiously, binding of PPD proteins to Dicer inhibits its RNase activity in vitro [31] . One of the possible consequences of this effect is to prevent Dicer from releasing si/miRNAs before they associate with other RISC components that mediate mRNA target cleavage or translational repression. This would be expected to maintain the specificity of a given RISC for a single mRNA species.
Interactions between Dicer and dsRNA-binding proteins
In addition to PPD proteins, several dsRNA-binding proteins (RDE-4, R2D2 and HYL1) are known to associate with Dicer [81, [100] [101] [102] . These proteins may function as physical links between the initiation and effector stages of RNAi. For example, R2D2 was identified as a dsRNA-binding protein that co-fractionated with dsRNA-processing activity from D. melanogaster S2 cell extracts [81] . This protein forms a stable complex with Dcr2 and dsRNA. Maximum stimulation of dsRNA-initiated RISC activity was observed in the presence of Dcr2-R2D2 complexes. In contrast, Dcr2 does not bind detectable amounts of dsRNA in the absence of R2D2. Furthermore, RISC activity was abolished when the dsRNA-binding domains of R2D2 were ablated by site-directed mutagenesis. Similar results were obtained when pre-cleaved siRNAs were used to trigger RISC activity, indicating that R2D2 is needed for RISC to efficiently utilize siRNAs [81] . Finally, the Dcr2-R2D2 complex is required for efficient siRNA transfer and binding to dAgo2 in RISC [102a] .
The R2D2 sequence is approx. 33 % similar to that of the C. elegans dsRNA-binding protein RDE-4, which interacts with Dicer, PPD proteins and Dicer-related helicase [100] . RDE-4 was first identified as a protein necessary for the initiation step of RNAi in C. elegans [43, 103] , but its activity is not required for miRNA processing or development [43, 100] . It binds to long dsRNA molecules, but not to ds or ss (single-stranded) siRNAs [100] . The PPD protein RDE-1, whose activity was previously shown to be required for the effector stage of RNAi [102] , is necessary for the accumulation of long dsRNAs which are then bound by RDE-4 [100] . Thus the function of RDE-4 may be to recognize long dsRNAs, and, together with RDE-1, mediate their transfer to DCR1 for processing into siRNAs. The helicase activity of Dicer-related helicase is likely to be necessary to unwind dsRNA in order to facilitate the movement of the RDE-4-DCR1-RDE-1 complex along the molecule. Alternatively, it may be involved in the transfer of dsRNA from RDE-4 to DCR1 [100] .
Recently, it was discovered that a nuclearly localized dsRNAbinding protein, HYL1, is required for miRNA accumulation and development in A. thaliana, but not for post-transcriptional gene silencing [101] . Interestingly, the developmental defects of hyl1 mutants overlap with those of hen1 and dcl1. HEN1 is a nuclear protein that functions in plant development, presumably through its roles in miRNA metabolism and siRNA-mediated post-transcriptional gene silencing [12, 39] . hyl1-, hen1-and dcr1-null mutants also share common RNAi defects, specifically reduced miRNA accumulation and a concomitant reduction in targeted mRNA cleavage. In addition, the reported or predicted nuclear localizations of HYL1, HEN1 and DCR1 are consistent with the possibility that these proteins function together as a complex in the nucleus [101] .
RISC Protein components of RISC
The first published reports of RISC purification were difficult to reconcile, since preparations that displayed sequence-specific nuclease activity varied in size from 160 kDa [15] to 500 kDa [14, 25, 82] . One common thread between all of these studies was that the RISC-like complexes always purified with 21-25-ntlong RNAs. The earliest identified protein component of RISCs were PPD proteins, specifically dAgo2 [13, 25, 82] and hAgo1 and hAgo2 [15] .
Additional RISC components are continually being identified, a situation that makes the precise determination of RISC composition difficult. Two putative RNA-binding proteins, the D. melanogaster homologue of the fragile X mental retardation protein, dFXR, and VIG (Vasa intronic gene protein) were recently identified as components of RISC [26] . Although the specific roles of these proteins in RISC function are not known, it is interesting to note that the dFXR-associated RISC also contains the ribosomal proteins L5 and L11, as well as 5 S RNA, dAgo2 and p68 RNA helicase [104] . Furthermore, dFXR was found to bind Dicer and p68 RNA helicase, the latter protein being important for RNAi in D. melanogaster [104] . Given that one of the functions of dFXR is to repress translation of specific mRNAs, it is reasonable to assume that dFXR-containing complexes function in siRNAand miRNA-initiated pathways [104] .
Characterization of an miRNP (miRNA-containing ribonucleoprotein) complex revealed that it contained components similar to those in siRNA-containing RISC [23, 105] . The 15 S miRNP complex isolated from HeLa cells contains hAgo2, Gemin3, a DEAD-box helicase, Gemin4, and is associated with multiple miRNAs [23] . In a human retinoblastoma cell line, a let-7b-containing miRNP complex was shown to bind to the 3 UTR of its lin-28 mRNA target in polyribosome-containing fractions. The levels of a reporter protein, but not its corresponding mRNA The principal siRNA-generating enzyme complex in D. melanogaster is composed of Dcr2 and R2D2. Although R2D2 does not affect the ability of Dcr2 to cleave long dsRNA, it is important for binding to the siRNA product after cleavage. R2D2 binds to the 3 end of the guide strand (red) of the siRNA duplex, while Dcr2 binds to the 3 end of the passenger strand. R1 forms after Dcr2-mediated RNA cleavage of long dsRNAs. The R2 complex may be an intermediate that derives from R1 and ultimately matures into R3. Alternatively, it has been suggested that R3 may form directly from R1. The R3 complex is large (80 S) and associates with ribosomes (not shown). Ago2 displaces the Dcr2-R2D2 complex from the siRNA duplex by binding to the 3 end of the guide siRNA strand. Formation of this complex is dependent upon ATP. The siRNAs in the R3 complex are single-stranded, having possibly been unwound by the helicase Armitage. R3 binds the cognate mRNA target, which is then cleaved by the Ago2 subunit. It is possible that there are other unidentified proteins (?) associated with each of the intermediate complexes.
containing the lin28 3 UTR, were significantly lower in the presence of let-7b-miRNP, suggesting that the miRNP functions through translational suppression [106] . In contrast, human let-7-programmed RISC was shown to be a multiple turnover enzyme complex, capable of catalysing the cleavage of more than ten target mRNA molecules [24] . These findings are not surprising, since miRNAs that are perfectly complementary to mRNAs can mediate targeted mRNA degradation similarly to siRNAs and vice versa [107, 108] . In general, perfect complementarity between a miRNA and its cognate mRNA results in degradation of the target rather than translational repression, which occurs when base pairing is not perfectly matched [107] .
Dynamics of RISC formation
Recently, the application of native gel electrophoresis to the study of RISC dynamics [109] has led to the identification of three stages of RISC formation defined by three distinct siRNAcontaining complexes: R1, R2 and R3 (Figure 2) . A role for Dicer in RISC function is indicated by the fact that Dcr2 is found in all of these RNP complexes. The R1 complex probably corresponds to the 360 kDa RISC-like structure described previously [82] . It consists of Dcr2, R2D2, and one or more as yet unidentified proteins. As mentioned above, both Dcr2 and R2D2 are required for association of siRNAs with RISC. The latter protein is known to contact siRNAs directly in the R1 complex. The function of R1 may be to process long dsRNA and initiate RISC assembly by serving as a precursor to R2 and R3 [109] . The high rate at which R2 is formed suggests that it may be derived from the binding of R1 to an as yet unidentified pre-assembled complex. The R2 complex is thought to function in siRNA duplex unwinding.
Thermodynamic differences in the base-pairing of the two siRNA strands determine which siRNA strand is assembled into RISC: the one whose 5 end is less tightly paired to its complement [110] . The Dcr2-R2D2 complex senses the thermodynamic stabilities of the ends of an siRNA duplex and selects which RNA strand becomes associated with Ago2. R2D2 binds to the 3 end of the siRNA guide strand that enters RISC, as well as to the 5 phosphate of the non-incorporated siRNA strand. Dcr2 binds to the opposite end of the siRNA duplex. As siRNA unwinding proceeds, the Dcr2-R2D2 complex is replaced with Ago2, which binds the 2 nt 3 overhang of the guide strand. The unwinding of the siRNA is initiated by the Dcr2-R2D2 complex, but can proceed only in the presence of Ago2 [102a] The 80 S R3 effector complex whose formation is enhanced by ATP, contains siRNAs, Dcr1, Dcr2, VIG, Tudor staphylococcal nuclease, Ago2, dFXR and R2D2. The R3 complex co-purifies with rRNA from small and large ribosomal subunits, suggesting that it is ribosome-associated [109] . This possibility is supported by the fact that only RNAs undergoing translation are susceptible to RNAi [112] , and that dFXR-containing RISC contains ribosomal proteins and RNA [104] . Recently, Tomari et al. [111] reported that an additional, ATP-dependent step occurs in RISC assembly after siRNA duplex unwinding. This process requires the PPD protein Aub, and an ATP-dependent DEA(H/D)-box helicase Armitage [111, 113] . Because R3 is so large, and smaller active components of this complex can be purified, it has been proposed that R3 is a 'holoenzyme', which includes regulatory factors that are not absolutely necessary for mRNA cleavage in vitro [109] .
Slicer
Slicer is the term given to the RISC-associated component that catalyses cleavage of siRNA-targeted mRNAs. The Slicer entity was predicted to be an endoribonuclease that cleaves dsRNA molecules. In their search for Slicer, Hannon's group identified Tudor staphylococcal nuclease in RISC preparations from C. elegans, D. melanogaster and mammalian cells [114] . However, data from other studies were inconsistent with the likelihood that Tudor staphylococcal nuclease was the Slicer in RISC. Specifically, this enzyme is a calcium-dependent nuclease that generates 3 -phosphomono-and di-nucleotides through hydrolysis of DNA or RNA [115] . In contrast, the RISC-associated endonuclease is magnesium-dependent, and its products contain 5 phosphomonoesters [116, 117] . Although the Tudor staphylococcal nuclease inhibitor, 2 -deoxythymidine 5 ,3 -biphosphate, was found to inhibit RISC activity in one report [114] , a later study found that it had no such effect [117] .
Interestingly, Dicer enzymes share a number of characteristics with the RISC Slicer. For example, Dicer cleavage products are similar to those of Slicer in that they contain 3 -hydroxide 5 -phosphate termini [116, 117] . In addition to functioning at the initiation stage, Dicer is also essential for the effector phase of RNAi. For example, in D. melanogaster embryos, Dcr2 is required for both siRNA formation and RISC assembly [94] . Similarly, knockdown of Dicer activity in mammalian cells results in failure of siRNA-mediated gene silencing [30] . Further evidence that Dicer associates with RISC stems from the observation that siRNAs can be UV-cross-linked to both Dcr1 and Dcr2 in the D. melanogaster RISC [109] .
Recent findings from a number of laboratories revealed that a subset of Argonaute proteins contribute the Slicer activity of RISCs [32, 33, 45] . Whereas all four human Ago proteins bind to miRNAs, only hAgo2-containing complexes are able to cleave mRNA substrates [6, 33] . Furthermore, genetic studies support the biochemical evidence that Ago2 is the Slicer. Specifically, mouse fibroblasts with homozygous null mutations in ago2 are unable to repress gene expression via RNAi [33] . The nuclease activity of Ago2 appears to be highly regulated, since it does not function in the absence of ss siRNAs, nor does it exhibit significant activity in the presence of dsRNA [33] . This suggests that before targeted mRNA cleavage can occur, Ago2 requires an accessory protein, such as Dicer or an R2D2-like protein, to present it with siRNA. It is puzzling that not all hAgo2-associated miRNAs are able to direct cleavage of complementary target mRNAs. This may indicate that some of the Argonaute-protein-containing complexes function in translational repression. Indeed, this scenario is supported by a recent report showing that miRNA-independent tethering of hAgo2, hAgo3 and hAgo4 proteins to the 3 UTRs of a reporter RNA mediates translational repression without affecting mRNA levels [118] . Although it unknown how PPD proteins mediate translation repression, it seems that the major role of the miRNAs is simply to guide PPD-protein-containing complexes to homologous mRNAs.
Implications of Argonaute structure for the Slicer function
Recent structural studies have greatly advanced our understanding of how PPD proteins function in RNAi. For example, resolution of the PAZ structure indicated that this domain adopts an OB (oligosaccharide/oligonucleotide-binding)-like fold that binds to the 3 overhangs of siRNAs [29, 86, 87] . Next, the threedimensional structure of the archaeon Pyrococcus furiosus Argonaute protein was solved [32] , and data from this study further strengthen the argument for the Slicer function of Argonaute proteins. In particular, the finding that the Piwi domain structure is similar to endonucleases such as RNase H and endonuclease V was key to understanding the function of PPD proteins [32, 34, 35] . The magnesium-dependent activities of RNase H and endonuclease V are in agreement with the reported characteristics of RISC [116, 117] . Moreover, two aspartate residues that are required for mRNA target cleavage are spatially conserved between the archaeal Ago protein catalytic centre and the active sites of endonucleases [32, 33] . Interestingly, the three human Argonaute proteins hAgo1, hAgo3 and hAgo4, which are unable to form cleavage-competent complexes, contain the same amino acid residues that are found in the catalytic centre of hAgo2. This indicates that in addition to the conserved catalytic carboxylates, other residues (in the Piwi domain) or interacting factors are needed to promote the endonucleolytic activity of hAgo2.
The current model of Argonaute Slicer activity, based on the crystal structure of archaeal Argonaute protein is as follows: the siRNA guide interacts with the PAZ cleft, while the mRNA substrate enters a binding groove formed by the N-terminal, middle and Piwi domains. The 5 end of the mRNA is predicted to lie between the PAZ and N-terminal domains of Argonaute, the latter domain functioning as an 'mRNA grip' [32] . The mRNA is positioned so that the active site, located in the Piwi domain, is 9 nt from the 5 end of the siRNA-mRNA ds region, allowing for the cleavage of mRNA target between 11 and 12 nt from the 3 end of the siRNA guide. The predicted length of the groove is enough to accommodate the entire siRNA. A putative hinge region connects the PAZ domain to the rest of the protein. Upon binding to other proteins, this hinge may function to lift PAZ away from the crescent base, allowing binding of ss siRNAs and the completion of RISC assembly [32] .
NON-RISC-DEPENDENT FUNCTIONS OF RNAi CORE PROTEINS
RNA-induced initiation of transcriptional gene silencing
Recently, the importance of RNAi in nuclear events such as genome rearrangement [119] , chromatin silencing [20, 22, 48, 120] and chromosome segregation [47, 121] has come to light. The latter two processes are directly related to one another in that accurate chromosome segregation, which involves cohesin-mediated sister chromatid association [122] [123] [124] [125] , is contingent upon the assembly of centromeric heterochromatin [126] . In turn, binding of the cohesin complex to silent centromeric sites is dependent upon recruitment of the chromodomain-containing protein Swi6 to these regions [127, 128] . Histone H3 Lys 9 methylation-dependent Swi6 localization to centromeric, telomeric and the silent mating-type loci requires the function of three core components of the RNAi pathway, Ago1, Dcr1 and RNAdependent RNA polymerase (Rdp1) [20, 22, 120] .
Targeting of Swi6 to sites of heterochromatin formation in the Schiz. pombe genome is reportedly mediated by a novel type of RNP complex, named the RITS (RNA-induced initiation of transcriptional gene silencing) complex [129] . The functional specificity of the RITS complex requires incorporation of siRNAs derived from centromeric transcripts [49] . Deletion of any one of the core RNAi genes, ago1, dcr1 or rdp1, or genes that encode the RITS-associated proteins Chp1 and Tas1, results in the loss of histone H3 Lys 9 methylation and the absence of Swi6 from centromeric chromatin [20, 22, 47, 48, 120, 129] . This is presumably due to an inability to target the methyltransferase Clr4 to sites of heterochromatin formation. In turn, loss of centromeric heterochromatin leads to chromosomal segregation defects as a result of reduced cohesin binding to centromeres.
Subcellular localization of RITS and other RNAi components
Analysis of the RNAi components in Schiz. pombe using ChIP (chromatin immunoprecipitation) revealed that both Rdp1 and Ago1 are associated with centromeric chromatin [22, 130] . In addition, Ago1 can be co-purified with chromatin derived from telomeric and silent mating type loci [130] . Indeed, fluorescencemicroscopy studies demonstrated that pools of tagged Rdp1, Ago1 and Chp1 are localized to the nuclei of Schiz. pombe cells [130, 131] . Ago1 was also detected in the cytoplasm where it presumably functions in siRNA-directed mRNA degradation. Although Dcr1 is an integral component of chromatin silencing, it was not detected in association with any heterochromatic regions [22] . As yet, the localization of Dcr1 is not known. Whereas it was previously assumed that most siRNA processing and RISCmediated silencing were restricted to the cytoplasm [132, 133] , a number of studies are consistent with the possibility that at least some PPD proteins and Dicer homologues are present in the nucleus [20, 22, 47, 48, 120, 129] . In addition, more direct evidence to support the notion that the initiation and/or effector stages of RNAi take place in the nucleus has recently emerged. For instance, the discovery of Drosha offered a plausible mechanism to account for nucleus-restricted processing of primary miRNAs to precursor miRNAs [72] . Moreover, studies in A. thaliana using nuclear and cytoplasmic variants of the viral suppressor of post-transcriptional gene silencing P19 and DCL1-GFP (green fluorescent protein) fusion proteins provided evidence for nuclear production of siRNAs and miRNAs from precursor molecules [97] . Finally, in D. melanogaster, the nuclearly localized PPD protein Piwi is required for RNA-dependent silencing of specific loci such as gypsy [134] .
A recent study reported that miRNA-directed cleavage activity is present in both nuclear and cytoplasmic extracts of HeLa cells [6] . Although cleavage appeared to occur more efficiently in the cytoplasmic fraction, these data suggest that at least a portion of the cytoplasmic miRNA-associated RISC is able to translocate to the nucleus or that there is a stable nuclear pool of RISC. In support of this, another group reported the involvement of RDR2, DCL3, AGO4 and HEN1 in chromatin-modification events in A. thaliana [96] . In this study, DCL3-GFP, HEN-1-GFP and GFP-AGO4 proteins were detected exclusively in the nuclei [96] .
Involvement of RNAi core components in cell cycle events
The regulation of chromosome structure and segregation is central to the successful completion of cell cycle events. The heterochromatin-assembly defects observed in Schiz. pombe ago1, dcr1 and rdp1 mutants are associated with frequent lagging DNAs and chromosome loss during mitosis, presumably owing to incorrect sister chromatin orientation and defective kinetichore attachment to spindles [47, 121] . While these data support a model in which chromatin architecture is regulated by the RNAi pathway, evidence is also mounting to suggest that RNAi core proteins perform functions that are not directly related to gene silencing [61, 135] . In fact, homologues of RNAi core components are now known to regulate cell cycle events in organisms that do not employ RNAi. For example, in the budding yeast Saccharomyces cerevisiae, it was recently discovered that the type III RNase Rnt1p, a Dcr1 homologue, is required for cell-cycle progression [136] . While nuclear localization of Rnt1p is essential for this function, the catalytic activity is dispensable for its role in cellcycle progression [136] . Although the classical RNAi pathway is not present in S. cerevisiae, this result does support the notion of cell-cycle-related functions for RNase III proteins that are independent of their nuclease activity. By extension, the role of the RNase III Dcr1 in cell cycle events may be independent of its ability to generate siRNAs [137] .
In Schiz. pombe, Ago1 and Dcr1, but not Rdp1, are required for regulated hyperphosphorylation of Cdc2 when encountering genotoxic insults [137] . Under normal circumstances, agents that inhibit DNA replication or cause DNA damage activate signalling cascades that lead to inhibitory phosphorylation of the mitotic regulator Cdc2, thereby resulting in cell-cycle arrest [138] [139] [140] . After the cells are deemed free of DNA damage or have become replication competent, alleviation of the inhibitory phosphorylation of Cdc2 by the mitotic stimulatory phosphatase Cdc25 initiates resumption of the cell cycle [141, 142] . ago1-and dcr1-null mutants fail to block mitosis in response to DNA damage or replication inhibitors such as hydroxyurea, presumably as a result of their inabilities to effect hyperphosphorylation of Cdc2. These cells continue to divide unchecked, resulting in unequal division of genomic material between mother and daughter cells. Interestingly, overexpression of hAgo2 was shown to complement the checkpoint deficiency in Schiz. pombe ago1 mutants [137] . This suggests that, in humans, the core catalytic subunit of RISC may also play a role in cell cycle checkpoint regulation [33] . Moreover, ectopic overexpression of Ago1 in a dcr1-null strain rescued the checkpoint deficiencies, but not the chromosome-segregation defects [137] . Since the biogenesis of siRNAs is completely dependent upon Dcr1 [129] , this argues that Ago1 and Dcr1 function in siRNA-independent pathways. Finally, it appears that Ago1 functions downstream of Dcr1 in cell-cycle regulation. Figure 3 depicts a model of how of PPD proteins and Dicer function in the classic RNAi pathway, RNAimediated chromatin restructuring and siRNA-independent cellcycle regulation.
PPD PROTEINS, DICER AND CANCER
Cancer has often been referred to as a disease caused by the failure of cells to maintain genome stability, which in turn is dependent upon accurate chromosome segregation and cell cycle checkpoints that prevent or delay DNA replication/cell division in response to DNA damage [143] . Not surprisingly, mutations in human genes encoding checkpoint proteins are associated with familial predisposition to cancer [144] . In lower eukaryotes at least, the RNAi apparatus functions to maintain genome stability [119] . Of course, it is not hard to imagine how RNAi effector proteins may indirectly affect cell-cycle progression through their involvement in gene-silencing pathways that regulate expression of transcription factors and other proteins. However, it has recently become evident that PPD proteins and Dicer also function in siRNA-independent pathways that regulate cell cycle events [137] . Accordingly, it is important to consider the aberrant expression of PPD proteins and Dicer in human cancers.
Of particular significance is the observation that seminoma tumours are often associated with increased levels of Hiwi mRNA [145] . Coincidentally, Hiwi was first reported as a gene that is expressed in undifferentiated haematopoietic stem cells, but not in differentiated cells [54] . Likewise, expression of the D. melanogaster orthologue of Hiwi, Piwi, had previously been reported to promote mitosis in stem cells [53] . In addition, the chromosomal locus 12q24.33 that includes the Hiwi gene has been linked to testicular germ cell tumours [146, 147] . Conversely, deletion of this region is associated with hypogonadism [148] . Together, these observations are consistent with a scenario in which overexpression of certain PPD proteins is associated with increased mitosis in undifferentiated cells. The role of other PPD protein family members in this process is less clear. For example, we have observed that the expression of Argonaute mRNAs is elevated in multiple human tumour cell lines (K. Jaronczyk, J. B. Carmichael and T. C. Hobman, unpublished work). Paradoxically, there is evidence to suggest that some Argonaute proteins function as tumour suppressors. Specifically, chromosome 1 region p34-35, which is often lost in Wilms' tumours [149, 150] , contains three human Argonaute genes (hAgo1, hAgo3 and hAgo4) [151] . In addition, miR15 and miR16 are located in chromosome 13q14, a region lost in more than half of B-cell chronic lymphocytic leukaemias. Both genes are deleted or down-regulated in the majority of chronic lymphocytic leukaemia cases [152] . Finally, overexpression of hAgo2 in a Schiz. pombe strain lacking the ago1 gene was shown to correct the cell cycle checkpoint deficiencies of this mutant [137] . These data point to a role for mammalian PPD proteins in enacting checkpoints in response to genotoxic stress.
There is compelling, but indirect, evidence that Dicer may also have a role in human cancer development. For example, in yeast, lack of Dicer function results in chromosome segregation defects [22, 121] , as well as failure to enact S-M cell cycle checkpoints si/miRNA-directed mRNA cleavage or translational repression does not require Chp1 and Tas1-like proteins and is proposed to occur in the cytoplasm. In contrast, the heterochromatin-specific functions take place in the nucleus. On the left-hand side, we outline a model to account for the cell cycle functions of Dicer and PPD proteins. DNA damage or inhibition of replication results in a cascade of signalling events that lead to cell-cycle arrest via a Cdc2-dependent checkpoint. Although the exact points of PPD or Dicer proteins action along this pathway are unknown (red arrows), it is thought that these functions are independent of si/miRNAs. In contrast, RISC-mediated mRNA degradation and translational suppression (green arrows) require Dicer-dependent si/miRNA production and their inclusion into RISC or RISC-like complexes. Likewise, heterochromatin formation (purple arrows) requires the production and inclusion of si/miRNAs into a specialized complex named RITS. Association of RITS with chromatin results in methylation of histone H3 Lys 9 , followed by Swi6 binding and subsequent spreading of silencing to neighbouring regions. [137] . Both of these defects would be expected to contribute to the development of cancer in humans. Human Dicer can partially complement the loss of Dcr1 activity in yeast [121] , and thus it is possible that the human enzyme also functions in cell-cycle regulation. Interestingly, human Dicer is also known to bind to 5-lipoxygenase [135] , an enzyme whose activity is deregulated in pancreatic tumours [153] . Lipoxygenase inhibitors are a promising new class of anticancer reagents [154] that have been shown to prevent lung tumours in mice and slow progression of adenomas to carcinomas [155] . Unfortunately, it is not known if or how Dicer affects the activity of lipoxygenase. In addition, the Burkitt's lymphoma-derived cell line, EB-3, was found to possess 4-fold higher expression of Dicer mRNA than normal human lymphocytes, and 2-fold higher activity of RNA polymerase III [156] . It is also important to note that Burkitt's lymphoma is characterized by increased activity of c-myc, a transcription factor that regulates genes involved in cell-cycle progression and apoptosis [157] . These observations suggest that RNA polymerase III, whose promoter sequences are present in exon1/intron1 of the c-myc gene [157] , produces siRNAs that silence the negative-regulatory elements of c-myc expression [156] . Finally, the core RNAi proteins undoubtedly play a role in signalling and cancer that can be attributed to miRNA-regulated alteration of transcription factor expression [158] .
OUTLOOK
In a very short period of time, through a combination of genetic and biochemical approaches, we have learned a great deal about how PPD and Dicer family members function in gene-silencing processes. This is particularly true of siRNA-directed cleavage of mRNAs or classical RNAi. The challenges that must be met now are to understand how PPD proteins function in other gene-silencing mechanisms including translational suppression and chromatin remodelling. Moreover, elucidation of how both PPD proteins and Dicer function in cell-cycle modulation, either directly or indirectly, will go a long way to aid our understanding of how the RNAi machinery positively and/or negatively affects tumorigenesis. 
